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This report describes our best understanding of current conditions and trends in the Stillaguamish 

estuary. Monitoring data has been collected at the 2012 restoration site and also at reference sites 

across the estuary. The reference sites provide a framework for understanding how the restoration site 

may develop. In addition the reference sites help us understand habitat trends throughout the estuary. 

We know that marshes in the north half of the estuary are disappearing and these monitoring data help 

us identify the reasons for loss and the potential management responses.  

How estuaries work 

River estuaries provide key ecological functions and critical ecosystem services for humans. They are 

some of the most productive ecosystems in the world in terms of primary biomass production. Since this 

biomass is the food that fuels the rest of the food web, the life cycles of many species of fish, birds, 

mammals and invertebrates depend on their continued function. Estuaries are formed by the 

convergence of the three realms of land, river, and ocean. Processes delivered by each of the realms 

determine the character and functions of the estuary ecosystem. When those processes change, 

estuaries respond. As a result of climate change, ecological processes are shifting and estuaries will 

respond and change over coming decades. Understanding how estuaries respond to change will give 

managers the opportunity to adopt strategies that increase the ability of estuaries to continue to deliver 

desirable ecosystem services. 

Three key drivers determine what species will occupy an estuary and how productive they will be: 
sediment, salinity and water level (Figure 1). Those three drivers determine where each plant species 
occurs in the estuary, how much area each species occupies, and how productive they are. We focus on 
plant species for two reasons. The biomass produced by vegetation is the foundation for the rest of the 
estuarine food web, and through its physical structure vegetation strongly affects the physical processes 
of sediment accretion and erosion.   

 

Figure 1. Conceptual model of the estuary. Three key drivers, within the dotted black oval, 

determine the characteristics and functions of the ecosystem. Those three drivers are controlled by 

the physical factors in rectangular boxes. Red dashed lines show feedback mechanisms that affect 

sediment dynamics which in turn affect water levels and salinity. Climate change is causing a shift 

in some physical and biological factors that control the three key drivers of the system.   
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Monitoring has focused on understanding how these three key drivers (sediment, salinity and water 

level) interact with vegetation to affect ecosystem functions as well as resilience to climate change, and 

this report summarizes our findings to date. 

Three Key Drivers  

Each of the three key drivers has multiple important characteristics. In our conceptual model, we use 
άSedimentέ ŀǎ ŀ ƎŜƴŜǊŀƭ ǘŜǊƳ ǘƘŀǘ ƛƴŎƭǳŘŜǎ both dynamic processes and soil characteristics.  

Sediment processes include  

¶ sources (river and tide) 

¶ distribution (affected by the configuration of levees and channels) 

¶ deposition (affected by elevation and seasonal differences in plant structure) 

¶ disturbance (by snow goose and swan grazing), and 

¶ erosion (winter waves, modified by habitat slope, aspect, biophysical roughness).  
These processes result in soil characteristics that include  

¶ particle size distribution (PSD): amount of gravel, sand, silt, and clay 

¶ organic matter content, and  

¶ penetrability.     
 
Salinity is affected by the back and forth sloshing of river and tide. River flow patterns have a strong 
influence on seasonal changes in salinity, with summer low flows resulting in deeper penetration of salt 
into the estuary. Tide level and sea level rise both affect salinity penetration as well. Surface salinity has 
a direct, but non-linear relationship with soil pore water salinity which is the most important driver for 
plant growth. Surface salinity can vary widely over the course of a day, but soil salinity varies less. 
Salinity is a stress to all plants, though some are more tolerant of it than others. The seasonal 
differences in soil salinity affect plant productivity and reproductive success. Because of the effect on 
aboveground biomass production, annual differences in summer river flow can affect the plant biomass 
available for both the food web and for trapping sediment to drive accretion. In addition, the 
ŎƻƴŦƛƎǳǊŀǘƛƻƴ ƻŦ ƭŜǾŜŜǎ ŀƴŘ ŎƘŀƴƴŜƭǎ ŘŜǘŜǊƳƛƴŜǎ Ƙƻǿ ǘƘŜ ǊƛǾŜǊΩǎ ŦǊŜǎƘ ǿŀǘŜǊ ƛǎ ŘƛǎǘǊƛōǳǘŜŘ ŀŎǊƻǎǎ ǘƘŜ 
estuary, which therefore affects pore water salinity and vegetation productivity. Finally, soil salinity is 
also affected by soil characteristics like PSD and organic content.  
 
Water levels are largely determined by the interaction of sea level and ground elevation. Elevation is 
modified over time by the deposition of sediment, increase of soil organic matter by plants, compaction 
and decomposition of soil, and vertical motion of the underlying geology. Annually, average sea level 
varies by 1-2 feet due to ENSO and PDO patterns, and climate change is of course causing an increase in 
water level.   
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Existing Conditions in the Stillaguamish Estuary 

We begin by describing how the physical conditions vary across the estuary, and then how vegetation 

characteristics vary. We sampled biophysical conditions in 5 primary sites across the estuary, including 

the restoration zone (Zones 1-5, Figure 2). When it became evident that different marsh islands at the 

mouth of Hatt Slough were quite different from each other, despite being literally across the channel 

from each other, we also gathered some data in 3 additional study zones near Hatt Slough (Zones 6-8).   

 

Figure 2. Location of the 8 study zones, and the vegetation transects in each. The background image is 
2013 LiDAR for the tidal area and 2012 LiDAR for the areas landward of the sea dike.  
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In each study zone, we sampled vegetation across a transect extending down slope from the highest 
elevation point in the tidal marsh for that zone. In zones 1, 3, 4, 5, and 8 this started adjacent to the 
shrub line. In zone 2, the restoration zone, it began at the foot of the old dike footprint, which forms a 
significant break in slope, soil type, and legacy. Zone 6 is a new marsh island developing at the seaward 
end of the prograding intertidal delta at the mouth of Hatt Slough and has not accreted enough to 
support a shrub zone yet. Zone 7 is also farther seaward than other zones and has not yet accreted 
enough elevation to support woody habitats.  
 

Physical conditions 
 
Physical conditions across the estuary, including soil characteristics, were quantified and spatial patterns 
assessed. Table 1 compares general physical conditions and indicators of key physical processes among 
the eight study zones and among marsh types.  Table 2 provides the data on soil characteristics.  
 

Table 1. Physical conditions and indicators of key physical processes in the study zones and marsh types. 
The reference zones are listed in order from south to north.  

 
 
 

Sediment Processes and Soil Characteristics 
 
Sediment arrives to each area of the estuary principally from two pathways, from the river or from the 
tide. Winter is the most active season for sediment transport since this is when the largest floods and 
recruitment events occur. Winter is also when the largest tides and wind storms occur in the estuary, 
with the greatest potential to re-suspend and move sediment, which may include erosion and transport 
within the marsh areas or movement of offshore sands up into the intertidal flats and marshes. The 
other major agent of winter sediment disturbance is bioturbation resulting from goose and swan 
grazing, which results in loosened soil that is more susceptible to re-suspension and erosion by winter 
waves.  
 
To characterize each study zone in terms of sediment processes, we developed indices of river influence, 
wave exposure, and grazing disturbance.  
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River Influence  
The river influence is measured simply as the distance from the middle of the study zone to the mouth 
of Hatt Slough where it passes the sea dikes. We assume that the closer a site is to the river mouth, the 
greater the volume of suspended sediment is available. The six zones clustered around the mouth of 
Hatt Slough are obviously closest to the source of sediment, and the Mid-Delta and North Delta sites are 
farthest away.  
 
Wave influence 
The wave exposure index (WEI) characterizes the relative level of exposure to storm waves for each 
zone. In Port Susan Bay, winds that drive waves can come from one of six compass directions (N, NW, W, 
SW, S, SE). For each study zone, we ranked four factors for each of the six wind directions, including 
factors for the amount of time the wind comes from that direction, fetch length, water depth, and 
roughness. Roughness is a measure of potential topographical and vegetation interference with wave 
passage, and is based on the width of area in a particular fetch direction that may offer interference to 
waves. In each zone, the exposure index for each wind direction is calculated as the product of the four 
factors multiplied together. The overall wave exposure index for the zone is the sum of the exposure 
indices for each of the six wind directions. The WEI was calculated once for each zone, so it does not 
vary among marsh types within zones.  
 
Three sites (Hatt-W, North Delta, and Hatt-SW) have high wave exposure indices. Hatt-West (zone 6) is 
the most exposed site (WEI=2.42), being farthest west, low in elevation and exposed to both northerly 
and southerly winds. It has high exposure to the long southerly fetch.  Hatt Slough-SW (zone 7) is also 
high (WEI=2.34) for similar reasons, though has a little less exposure due to a slightly higher elevation. 
The North Delta (zone 5) has the second highest exposure index (WEI=2.38) after Hatt-W (zone 6), due 
to the same long southerly fetch. With its location to the north next to the northern sea dike, it has less 
exposure to northerly wind waves.   
 
Two sites (Mid-Delta and Hatt-NW) have moderate wave exposure indices. Mid-Delta (zone 4), with a 
WEI of 1.89, has less exposure to the long southerly fetch than the high exposure sites due to a greater 
roughness factor. The increased roughness results from being on the leeward side of the concave delta 
that is building west of Hatt Slough. This concave delta increases the roughness experienced by waves as 
they travel up the elevation gradient of the estuary and cross through areas of high marsh before 
reaching the Mid-Delta. Hatt-NW (zone 3) has a lower WEI of 1.51 as a result of similar factors that 
lessen the impact of the long southerly fetch, in addition to having slightly higher average elevation.  
 
The remaining three sites (Restoration, Hatt-S, and Hatt-SE) have low wave exposure indices. The 
Restoration Site (zone 2), with a WEI of 1.0, is somewhat protected from the southerly fetch by being on 
the north side of the concave delta and by being farther east, behind the shadow of the Warm Beach 
headland. However it has deeper water than the other two low exposure zones. Hatt-S (zone 1) is 
protected from the southerly fetch by the Warm Beach headland and has a WEI of 0.89, while Hatt-SE 
(zone 8) is even more protected and has the lowest WEI of 0.86.  
      
Sediment Disturbance 
To characterize the relative level of goose grazing experienced by each study zone, we developed a 
relative index based on evidence of grazer footprints, excavations, and exposed rhizomes associated 
with excavations. Each sample site was assigned a value of 0-3 depending on the relative amount and 
scale of disturbance indicators. Relative disturbance was summarized by marsh type and study zone 
(Table 1). Each sample site was evaluated at the time of sediment collection in early spring 2015 when 



7 
 

snow geese were still present in the estuary. This index provides a snapshot of evidence of winter 
disturbance during the 2014-нлмр ǿƛƴǘŜǊ ƻƴƭȅ ŀƴŘ ŘƻŜǎƴΩǘ ƴŜŎŜǎǎŀǊƛƭȅ ǊŜŦƭŜŎǘ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ŘƛǎǘǳǊōŀƴŎŜ 
in past years. 
 
The lowest average Grazing Disturbance Index (GDI) for a study zone was 0, found in Hatt-SE (zone 8), 
where there was no clear evidence of grazing disturbance to the soil. The highest GDI was 1.73, found in 
Hatt-NW (zone 3). The Mid-Delta (zone 4) and North Delta (zone 5) also had high D5LΩǎ όмΦср ŀƴŘ мΦрпύΦ 
The Restoration Zone had a very low GDI (0.17). This is likely a result of the high penetrability of 
Restoration soils (Table 2) which makes walking difficult, for humans and geese both. The remaining 
three zones (Hatt-S, SW, and W) had low GDI values (0.44, 0.50, 0.57).   
 

Elevation Change and Accretion Rates 
Elevation change over time is the key determinant of habitat evolution. Habitats may stay the same if 
relative elevation changes little. If relative elevations gradually increase as a result of continual sediment 
deposition or falling average sea level, habitats may mature through succession into a different habitat, 
often more complex biologically and physically. If relative elevations decrease as a result of erosion or 
rising average sea level, tidal marshes may decline in productivity and above-ground physical complexity 
and eventually convert to unvegetated tideflat.  
 
Elevation change is not the same as accretion. Elevation change results from the net effect of various 
processes including accretion (above-ground deposition of new sediment), sub-surface compaction, 
below ground organic matter accumulation, and surface erosion. Elevation change is measured with a 
high precision method called Sediment Elevation Tables (SETs). Due to the cost of installation, relatively 
few SETs are installed in each of our study zones, and tend to be restricted to a pair of replicates in the 
high marsh and middle marsh in each zone.  
 
In the Stillaguamish, the most important process in positive elevation change is accretion of new mineral 
sediment on the soil surface. Accretion can be measured more simply and cheaply than measuring 
elevation change with SETs, so we deployed sediment pins and feldspar layers across a broader 
spectrum of the habitats in each zone in order to get a sense of how accretion may be affected by 
changes in elevation and vegetation.  
 
Since SETs synthesize various processes that affect elevation both positively and negatively, their 
elevation change rates are generally lower than measured accretion rates which only account for one 
process.  
 
Mean rates of elevation change in zones 1-5 from 2011 to 2015 are shown in Figure 3, as well as the 
average rate of accretion for each zone, as measured by our extensive network of pins and feldspar 
layers. Zone 2, the restoration site has a much higher rate of elevation change, though Zone 2 has only 
been monitored since 2014. As expected accretion rates are generally higher than the rates of elevation 
change, though the pattern of accretion rate across the study zones follows the same pattern as 
elevation change. Zone 5, the most distant from Hatt Slough and the most exposed to waves of the 5 
study zones, has the lowest rates of accretion and elevation change. Interestingly zone 1 has lower rates 
of accretion and elevation change than zones 3 and 4.  
 
For all study zones, the measured rates of elevation change and accretion are both sufficient to allow 
tidal marshes to persist in the face of moderate rates of sea level rise. The fact that zones 4 and 5 are 
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eroding away despite adequate rates of sediment supply indicates that other factors are affecting 
sediment dynamics.  
 

 
 

Figure 3.  Mean annual elevation change and accretion rates. Mean annual elevation change 
between 2011 and 2015 is shown by the grey bars. Data were gathered with SETs and represent 
the synthesis of many ecological processes. Annual accretion rates in 2015 are shown by the red 
and blue dots, and represent the process of surface accumulation of new mineral sediment. The 
figure is adapted from Rybczyk and Poppe (2015), who collected the SET data. Zone 2 is the 
restoration area.     

 
 

Soil Characteristics  
The physical characteristics of soils are summarized in Table 2. We evaluated Particle Size Distribution 
(PSD), penetrability, carbon content, and organic matter content.  
 
Particle Size Distribution (PSD) 
Particle Size Distribution quantifies the amount of gravel, sand, silt, and clay in the soil. Gravel is rare 
and essentially irrelevant in terms of habitat differences. The remaining three fractions are often 
simplified to coarse (sand) and fine (silt and clay) fractions, and statistics suggested that this grouping 
was more informative in this estuary than splitting out the fractions.  
 
The restoration zone had much finer soil particles then the reference zones (Table 2). The restoration 
site had 5% sand compared to the reference average of 29%. Restoration site data represents sediment 
samples from old farmed surfaces and does not include sediment stations that were located on the 
newly depositing sand splay near the north breach or stations located on the hard surfaces in channel 
and erosional features. The latter two areas represent a small fraction of the restoration area and 
obviously represent very different sediment dynamics than experienced by the marsh proper.    
     
Among the reference sites, the % sand was highest among the sites at the mouth of Hatt Slough, which 
would be expected since the coarser particles will tend to fall out of suspension most quickly as the river 
flow exits the leveed floodplain and begins to spread out. Interestingly, zone 4 had the least average 
amount of sand among the reference sites (11%), lower even than zone 5 (22%). This may be due to the 
greater winter wave exposure in zone 5 which could allow substantial sand delivery by storm waves to 
zone 5.    
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Table 2. Soil characteristics in study zones across the Stillaguamish estuary. The reference zones 
are listed in order from south to north. 

 
 
  

Restoration Hatt-SE Hatt-S Hatt-SW Hatt-NW Hatt-N Mid Delta North  Delta

Zone 2 Zone 8 Zone 1 Zone 7 Zone 6 Zone 3 Zone 4 Zone 5

Pore Water Salinity Spring* 7.2 6.9 12.3 4.6 14.3 14.7 4.6 8.5 9.8

Pore Water Salinity Summer 20.7 21.3 NA 17.8 NA NA 22.5 21.8 23.1

Surface Water Salinity Summer 17.6 22.6 NA 19.0 NA NA 23.5 23.4 24.4

Soil Penetrability 12.7 7.3 7.7 8.2 6.6 4.2 7.5 9.1 7.8

% Gravel 0.03 0.4 0.1 0.23 1.2 0.8 0.14 0.02 0.06

% Sand 5 29.4 23.5 19 36.9 66.7 28 11 22

% Silt 69 55.3 59.3 64 50.0 26.1 57 69 61

% Clay 27 15.0 17.2 17 12.0 6.3 15 21 17

% Fines 95 70.2 76.5 81 62.0 32.5 72 89 78

%TC 1.93 1.6 2.0 2.52 1.9 0.6 1.51 1.61 1.16

%TOC 1.92 1.6 2.0 2.51 1.9 0.6 1.51 1.61 1.16

% OM 7 6.1 7.5 8 7.6 3.5 5 6 5

Pore Water Salinity Spring* NA 3.2 NA NA 20.0 NA 0.0 3.5 6.0

Pore Water Salinity Summer NA 23.0 NA NA NA NA NA NA 23.0

Surface Water Salinity Summer NA 25.0 NA NA NA NA NA NA 25.0

Soil Penetrability NA 5.9 NA 6.2 6.0 4.9 5.9 7.9 4.5

% Gravel NA 0.00 0.0 0.02 0.0 0.0 0 0 0

% Sand NA 11 2.6 3 6.5 47.6 2 1 5

% Silt NA 68 75.5 72 71.1 43.9 72 70 77

% Clay NA 22 21.9 25 22.4 8.5 27 29 18

% Fines NA 89 97.4 97 93.5 52.4 98 99 95

%TC NA 2.99 3.2 4.25 3.3 1.3 3.01 4.04 2.09

%TOC NA 2.98 3.2 4.25 3.3 1.2 3.01 4.04 2.08

% OM NA 9 NA 13 8.3 4.1 9 13 7

Pore Water Salinity Spring* 7.2 5.5 9.8 2.0 5.0 NA 4.0 6.0 10.0

Pore Water Salinity Summer 20.6 19.9 NA 15.0 NA NA 22.5 19.0 23.0

Surface Water Salinity Summer 17.3 22.5 NA 17.0 NA NA NA 26.5 24.0

Soil Penetrability 12.6 11.2 9.3 13.7 9.5 NA 10.8 11.4 10.6

% Gravel 0.04 0.04 0.0 0.00 0.0 NA 0.09 0.00 0.08

% Sand 3 11 4.9 7 9.5 NA 20 2 18

% Silt 69 71 69.8 75 75.1 NA 65 73 66

% Clay 27 18 25.3 18 15.3 NA 15 25 17

% Fines 96 89 95.1 93 90.5 NA 80 98 82

%TC 1.98 2.10 3.3 2.41 3.0 NA 1.75 2.03 1.33

%TOC 1.98 2.09 3.3 2.41 3.0 NA 1.75 2.03 1.33

% OM 7 8 10.1 8 16.0 NA 6 7 6

Pore Water Salinity Spring* NA 8.3 15.0 5.3 Dry 15.0 7.0 11.0 9.8

Pore Water Salinity Summer NA 22.6 NA 20.0 NA NA 25.0 22.2 23.3

Surface Water Salinity Summer NA 22.4 NA 20.3 NA NA 22.0 22.4 24.7

Soil Penetrability NA 6.3 7.0 5.8 5.6 4.3 5.6 8.0 8.3

% Gravel NA 0.43 0.1 0.80 0.4 1.3 0.00 0.06 0.00

% Sand NA 43 33.8 50 58.0 66.2 46 15 19

% Silt NA 46 55.7 42 35.1 26.2 43 68 62

% Clay NA 11 10.4 7 6.6 6.3 10 17 19

% Fines NA 57 66.1 49 41.6 32.5 54 85 81

%TC NA 0.81 0.9 0.88 0.8 0.5 0.75 0.87 1.10

%TOC NA 0.81 0.9 0.88 0.8 0.5 0.75 0.87 1.10

% OM NA 4 3.7 3 3.6 3.5 3 4 5

Pore Water Salinity Spring* 8.0 10.9 16.0 10.0 18.0 14.3 NA 12.0 10.8

Pore Water Salinity Summer 21.0 22.5 NA 22.0 NA NA 20.0 25.0 23.0

Surface Water Salinity Summer 20.0 22.8 NA 23.0 NA NA 22.0 22.0 24.3

Soil Penetrability 14.4 5.2 4.5 6.4 5.2 3.8 3.6 5.1 7.0

% Gravel 0.00 1.68 0.2 0.00 8.3 0.1 1.46 0.00 0.14

% Sand 14 47 50.9 18 88.8 74.0 38 25 38

% Silt 64 41 39.9 67 2.1 20.1 48 60 49

% Clay 22 10 8.9 15 0.8 5.7 12 15 13

% Fines 86 51 48.8 82 2.9 25.8 60 75 62

%TC 1.48 0.56 0.5 0.80 0.1 0.5 0.62 0.71 0.66

%TOC 1.47 0.56 0.5 0.79 0.1 0.5 0.62 0.71 0.65

% OM 6 3 2.8 4 1.8 3.3 3 4 4

Reference Zones

Mean of

 Reference Zones*

* Spring pore water salinities were measured in early spring for zones 1-5 and in late spring for zones 6-8. By late spring, river flows had reached record lows. For this reason, 

spring salinities for zones 6-8 should not be compared with zones 1-5, and are not included in the means. 

Zone Average

High Marsh

Middle Marsh

Low Marsh

Tideflat
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Particle size also varied by elevation, with higher elevations having a greater fraction of fines. Low marsh 
had an average of 43% sand in contrast to 11% for both middle and high marsh. Since sands are heavier 
particles, they are suspended only during high flows or are carried as bed load. Since they tend to occur 
lower in the water column than the fines, and higher marsh habitats are flooded by the upper part of 
the water column during higher tides, less sand and more fines tends to be transported to the higher 
elevation marshes.  
 
Soil Penetrability 
Soil penetrability is a measure of how firm the soil is, and may be related to factors such as the particle 
size distribution, organic matter content, density of the root mass, soil cohesion, soil structure, or other 
factors. It has been used on the Fraser delta as an indicator of the ease with which snow geese beaks 
may be able to penetrate the soil in search of rhizomes, under the assumption that firmer soil is more 
energetically costly to graze and may therefore sustain less intensive grazing (Sean Boyd, personal 
communication). We measured soil penetrability by dropping a pointed metal stake from a standard 
height and measuring the depth to which the stake penetrated the soil. The values are cm of 
penetration. The purpose of measuring penetration is to attempt to identify a rapid way to help in the 
assessment of relative vulnerability to grazing across the estuary. Vulnerability to grazing appears to be 
variable across the estuary and we hope to identify characteristics of marsh areas that are less 
vulnerable.  
 
Using linear regression to evaluate the relationship between penetrability and other physical factors of 
soil, we found that the strongest relationship was a negative correlation with the % sand in the soil 
(Figure 4): the greater the sand fraction, the less the penetration. The adjusted R2 of 0.56 (Table 3) 
suggests that 56% of the variability in soil penetrability can be explained by the % sand fraction, a high 
value for a single factor. For regression analysis, we excluded the High Marsh because the graminoids 
that dominate High Marsh vegetation have a very dense root system which strongly affects soil 
ǇŜƴŜǘǊŀōƛƭƛǘȅ ǊŜƎŀǊŘƭŜǎǎ ƻŦ ǘƘŜ ǎƻƛƭΩǎ ǇŀǊǘƛŎƭŜ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴΦ  
 

 
Figure 4. Relationship between % Sand in the soil and soil penetrability.  

 
Since soil quality factors tend to be collinear (for example, as the sand fraction goes up, the clay fraction 
goes down), Table 4 shows the independent linear regression values for soil factors. All factors were 
statistically related to penetrability, but % Sand had the highest R2 and lowest P-value. % fines (clay + 
silt) was very similar, as would be expected since the fraction of fines is almost exactly the inverse of the 
fraction of sand. 
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Table 3. Single linear regression results describing the relationship between soil penetrability and 
soil physical properties.  

 
 
On average, the reference zones (zones 1, 3-8) had a penetrability value of 7.3 cm, in contrast to the 
Restoration zone average of 12.7 (Figure 5). The Restoration zone has far softer soil than most other 
parts of the estuary, and also has a substantially lower fraction of sand in the soil (5%, excluding the 
sand splay at the mouth of the north breach), compared to the 29.4% average in the reference zones 
(Table 2). However, if we look only at the middle marsh habitats, since zone 2 is almost exclusively 
middle marsh, we find that zone 2 has similar Particle Size Distribution as zone 4 middle marsh, and only 
slightly greater penetrability. The restoration soils could be affected by the legacy of agricultural 
management (plowing, aeration, and soil and vegetation management). However the similarity to zone 
4 middle marsh suggests that the legacy effect is small. Restoration soils on average may seem more 
dramatically different than the rest of the estuary because the width of the area with soft middle marsh 
soil in the restoration zone is much greater than the width of the zone 4 middle marsh. This is because 
of the very flat topography in the restoration zone.  
 
We expect penetrability in the Restoration zone to change over time as connectivity with the river adds 
sand and as saturation and hydrodynamics compact the soil and alter structure and chemistry. In the 
meantime, this unusually wide expanse of soft soil may help to protect the marsh from overgrazing by 
snow geese because it seems likely that geese would find the marsh more energetically costly to graze 
due to the added difficulty of walking on very soft mud. In other words, snow geese may favor the 
middle of the penetrability spectrum, avoiding the hard and soft ends. At the soft end, access may be 
energetically costly due to walking difficulty, and at the firm end the energetic cost of excavation with 
bills may be too high. In zone 4 we find heavy evidence of goose traffic and grazing along the seaward 
edge of the middle marsh, which has firmer soil than the marsh interior. In addition, the geomorphology 
of the seaward edge indicates wave-induced erosion which creates erosional rills extending from the 
marsh edge up into the marsh interior. Goose footprints and grazing evidence is abundant in the firm-
bottomed rills which appear to allow the geese to enter the marsh interior more easily than they might 
if they had to walk across the much softer intact marsh soil. In the restoration zone, easy access for 
snow geese may be more limited because the bath tub edge prevents the formation of wave-induced 
erosion rills into the marsh interior, and the much greater width of the middle marsh also provides a 
substantial buffer against goose grazing. 
 
Among the reference zones, the lowest average penetrability was in zone 6 (4.2 cm), which also had the 
highest average % Sand (66.7%) in the soil (Table 2). Zone 6 is the youngest vegetated portion of the 
estuary, developing on the northwestern edge of the prograding delta at the mouth of Hatt Slough. This 
zone began to develop vegetation after a major flood in the winter of 2006-7 which deposited a very 
large 10-15 acre complex of logs at the western end of Hatt Slough, causing the channel to shift from 
NW to SW, and trapping a large volume of sediment under the logs. Though most of the logs gradually 
drifted away over the next couple of years, enough sediment was trapped to stabilize the channels and 
allow the establishment of a S. pungens marsh. The high sand fraction in the soils of this zone are what 

Adjusted R2 P Value

% Sand 0.5628 8.7E-15

% Fines (Clay+Silt) 0.5587 1.21E-14

% Clay 0.5397 5.64E-14

% Silt 0.4875 2.84E-12

% Organic Matter 0.2054 2.99E-05
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we would expect for a young site on a prograding delta that is just developing vegetation. Over time we 
expect the new vegetation to help trap and stabilize finer sediments. 
 

 
Figure 5. Comparing soil penetrability between the Restoration site (Zone 2) and the reference 
sites (Zones 1, 3-8). 

 
Hatt-SW (zone 7) had the second lowest penetrability of 6.6cm (Figure 5) and has the second highest % 
Sand (36.9%) in the soil (Table 2). This reference zone is an island located between the two main forks of 
Hatt Slough and thus is in the middle of the primary thalweg during major flood events when sand is 
mobilized as part of the suspended load of the river. This location where the river begins to finally 
spread out across the intertidal delta is the prime location for sand to begin falling out of suspension 
when floods arrive in the estuary.  
 
Hatt-SE (zone 8), Hatt-S (zone 1), Hatt-NW (zone 3), and North Delta (zone 5) all have relatively similar 
average penetrability, ranging from 7.5 to 8.2 cm (Figure 5, Table 2). The highest average penetrability 
value (9.1 cm) found in the reference marshes was in the Mid-Delta (zone 4), which also had the lowest 
sand fraction (Table 2). The Mid-Delta reference marsh is the most protected from conditions that 
would deliver the heavier sand particles. It is partially protected from the delivery of sand during floods 
from Hatt Slough by the high banks of the zone 2 bath tub. It is relatively far from Hatt Slough, the 
primary source of sand, and is semi-protected from wave-induced sand delivery by the concave delta at 
the mouth of Hatt Slough which helps to reduce wave energy from southerly winter storms. We initially 
expected zones 4 and 5 to be similar to each other in terms of penetrability and sand, since they are 
both distant from Hatt Slough. However zone 5 had a higher sand fraction than 4, more similar to zones 
1, 3, and 8. This is likely due to its greater exposure than zone 4 to southerly winter storms, which can 
erode fines and transport sands up into the marsh, and to being less impacted by the zone 2 bath tub 
blockage of Hatt Slough sands.  
 
Among habitat types, high marsh has low penetrability (5.9 cm) as a result of the very high density of 
fine roots that is typical of the graminoids (Agrostis, Distychlis, Carex, Juncus) that dominate this habitat. 
Bare tideflats have a similarly low level of penetrability (5.2 cm), though here the firmness is due to the 
high fraction of sands (47%) in the soil (Table 2).  
 
Middle marsh, dominated by B. maritimus and S. pungens, has the highest average soil penetrability 
(11.2 cm) of all habitat types. It has similar soil particle size distribution as high marsh (89% fines, 11% 
sands), but it lacks the dense fine root system of the graminoids. Bulrush roots are more coarse and 
much less dense.  
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Low marsh, dominated by S. pungens, has relatively low soil penetrability (6.3 cm) and a high fraction of 
sand (43%), almost as high as tideflat. S. pungens quickly dies to the ground in the fall, leaving no winter 
vegetation structure to impede waves or to trap fine sediments. As a result, winter storms and floods 
deliver sand and there is little above ground structure to trap and hold fine sediments. Among reference 
zone low marsh areas, the low marsh in the Mid-Delta and North-Delta zones had the highest soil 
penetrability values (8.0-8.3 cm). This is likely a result of being farther from the mouth of Hatt Slough so 
they receive the fines as a result of tidal redistribution. The levee system on the lower Stillaguamish acts 
on the river like a pinched hose, constricting the flow of the river until it reaches the estuary. This 
increases flow velocities and pushes finer suspended sediments farther into the bay, past the marshes 
right at the mouth of Hatt Slough. As a result, marshes near Hatt Slough capture more of the heavier 
sandy sediments while the fines are pushed farther away. Tidal action pushes the finer suspended 
particles towards the north end of the bay where they have a greater opportunity to be captured in the 
marshes.  
 

Pore Water Salinity  
Soil pore water salinity was measured in all zones in spring 2015, however measurements in zones 6-8 
occurred later in the season (mid-May through June), which was after river flows had reached record 
lows. Table 2 includes data for all zones, but comparisons between the Restoration site and the 
reference sites should be restricted to zones 1-5. For this reason, the means for reference site salinity 
provided in Table 2 do not include zones 6-8. Similarly the analyses described below include only zones 
1-5.  
 
During summer 2015, pore water salinity was only measured in zones 1-5.  
 
Reference Sites 
In order to evaluate whether pore water salinity was correlated with any of the physical parameters that 
we measured, we used stepwise multiple regression. Due to the past agricultural history of the 
Restoration site, soil conditions and elevation patterns there are quite different from the reference 
sites. For this reason, we evaluated only the reference sites (zones 1 and 3-5) to understand how pore 
water salinity patterns vary in the natural estuary.  
 
As expected, the proximity to freshwater (Hatt Slough) is inversely correlated with pore water salinity 
(Table 4, Figure 6). Similarly, proximity to salt water (as measured by elevation) is positively correlated 
with pore water salinity (Table 4, Figure 7). At lower elevations, daily tidal inundation periods are longer  
 

Table 4. Best-fit multiple regression model results for physical factors that are correlated with pore 
water salinity in the reference study sites (zones 1, 3-5). The Adjusted R2=0.8078. Parameters in bold 
italic are statistically significant.   
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and the influence of Puget Sound on groundwater is also greater. Even in the North Delta site (zone 5), 
which is farthest from Hatt Slough and had the highest average salinity, the higher elevations had lower 
pore water salinity than the lower elevations (Table 2). For both proximity to freshwater and saltwater, 
the strength of the relationship to pore water salinity declined slightly from spring to summer 2015, as 
reflected in their independent linear R2 values (Figures 6 and 7). During the summer low flow season, 
salinity penetrated more deeply into the estuary, lessening the importance of the river to pore water. 
 

    
Figure 6. Pore water salinity increases as the distance from Hatt Slough increases. The 
pattern held true in both spring (left) and summer (right).  

 

   
Figure 7. Pore water salinity is lower at higher elevations of the estuary, though the relationship 
in the spring (left) is stronger than in the summer (right), as reflected by the R2 values. 

 
In terms of soil qualities, % organic matter was statistically correlated with salinity at a 98.5% confidence 
level (Table 4, Figure 8), with pore water salinity decreasing as the % organic matter increased. This is 
likely related to elevation since higher elevations tend to have older and more productive marsh. In 
terms of Particle Size Distribution, % fines (clay and silt) contributed to the best-fit regression model 
(Table 4), although % fines was only significant at the 85% confidence level.     
 

 
Figure 8. Soils with higher organic matter are associated with lower pore water salinity.  



15 
 

 
Restoration Site 
Despite being at the mouth of Hatt Slough, average spring pore water salinity in the Restoration zone 
(7.2 ppt) was higher than the 4.6 ppt value in the reference sites near the mouth of Hatt Slough (Table 
2). The Restoration site pore water salinity was closer in value to the Mid-Delta (8.5 ppt), and half way 
between the Hatt Slough and North Delta (9.8 ppt) reference sites. This difference in salinity between 
the Restoration site and nearby Hatt Slough Reference sites Ƴŀȅ ǊŜǎǳƭǘ ŦǊƻƳ ǘƘŜ άōŀǘƘ ǘǳōέ ƳƻǊǇƘƻƭƻƎȅ 
of the Restoration site, which creates hydrodynamics that are substantially different from the other sites 
near the mouth of Hatt Slough. All flow into and out of the Restoration site is restricted to the two 
breach sites and there is no over-marsh flow except at the highest of tides. As a result, all tidal flow onto 
the site comes from relatively far downstream on the small distributary adjacent to the Restoration site. 
Hyporheic (underground) flow from the river also likely affects pore water salinities near Hatt Slough 
and this effect could be partially affected by the bath tub morphology as well. However in the 
restoration site there appears to be a hard, compacted layer of soil within 0.5 meter of the soil surface. 
This layer does not occur in any of the reference sites and is likely a legacy of farming, such as the effect 
of farm machinery traffic on soil compaction combined with the depth of plowing. This layer may hinder 
hydrologic interaction with the lower soil profile. Finally, the Restoration Site is slightly lower in average 
elevation than the Hatt Slough reference sites, and elevation was found to be negatively correlated with 
salinity (Table 4). Combined, these factors may result in the higher pore water salinity seen on the 
Restoration site.  
 
When we add the sample sites in the Restoration Zone to the multiple regression described earlier 
(Table 4), the same relationships emerge between pore water salinity and the distance from Hatt Slough 
and elevation. However, the soil % organic matter ceases to be significantly associated with salinity.  
 
Salinity and Habitat Types 
As indicated earlier, there was an inverse relationship between elevation and pore water salinity (Figure 
7). When we look specifically at habitat differences (Table 2), the lowest average salinity in the spring 
was in high marsh (3.2 ppt), followed by middle marsh (5.5 ppt), low marsh (8.3 ppt), and tideflat (10.9 
ppt). As would be expected, the lowest pore water salinity of 0 ppt was in the high marsh near Hatt 
Slough (Hatt-NW, zone 3), and moving farther from Hatt Slough, Mid-Delta high marsh was 3.5 ppt and 
North Delta high marsh was 6.0 ppt.  
 
In the middle marsh, salinity was lowest (2 ppt) in Hatt-S (zone 1), followed by Hatt-NW (zone 3) at 4 
ppt, Mid-Delta (zone 4) at 6 ppt, and North Delta (zone 5) at 10 ppt. The Restoration zone middle marsh 
salinity was 7.2 ppt, higher than the value for the Mid-Delta.  
 
Summer Pore Water Salinity 
Summer pore water salinity was only sampled in zones 1-5. Salinity was lowest (17.8 ppt) in the Hatt-S 
Reference Site (zone 1), and all other sites exceeded 20 ppt (Table 2). The Restoration zone had the 
second lowest average salinity with 20.7 ppt, and the highest average was 23.1 ppt in the North Delta 
(zone 5). All of these values exceed the salinity tolerance threshold for our common bulrush species, as 
will be discussed in greater detail later. On average, salinity in the Stillaguamish estuary tripled from 
early spring (6.9 ppt) to late summer (21.3 ppt) in 2015.   
 
When we performed a multiple regression with the summer salinity values, they were significantly 
related to distance from Hatt Slough and elevation. However % soil organic matter was not significant.  
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²Ŝ ǿŜǊŜ ǊŀǊŜƭȅ ŀōƭŜ ǘƻ ŜȄǘǊŀŎǘ ǎƻƛƭ ǿŀǘŜǊ ŦƻǊ ǘŜǎǘƛƴƎ ŦǊƻƳ ǘƘŜ ƘƛƎƘ ƳŀǊǎƘ ƛƴ ǎǳƳƳŜǊΣ ǎƻ ǿŜ ŎŀƴΩǘ 
compare high marsh changes between spring and summer except in the North Delta where salinity went 
from 6.0 to 23.0 ppt. 
 
In the middle marsh, dominated by Bolboschoenus maritimus, summer salinity ranged from 15 ppt in 
Hatt-S (zone 1) to 23 ppt in the North Delta (zone 5). Interestingly the second highest salinity was 22.5 
ppt in Hatt-NW (zone 3), which was higher than the Mid-Delta zone 4 (19 ppt) and the Restoration zone 
2 (20.6 ppt).  
 
Low marsh, dominated by Schoenoplectus pungens (formerly called S. americanus), had summer salinity 
that ranged from 20 ppt in Hatt-S (zone 1) to 25 ppt in Hatt-NW (zone 3). Interestingly, both the Mid-
Delta zone 4 (22.2 ppt) and the North Delta zone 5 (23.3 ppt) had lower low marsh salinity than zone 3.  
 
At the lowest elevations in the tideflat habitat, the lowest salinity was 20 ppt in Hatt-SW (zone 3), which 
was a surprise given that both low and middle marsh habitat in this zone had high salinities compared to 
the other study zones. Zone 1 tideflat was 22ppt, zone 4 was 25 ppt, zone 5 was 23 ppt, and the 
Restoration zone was 21 ppt.     
 
One final interesting observation was that summer surface water salinity in all reference sites was 
higher than the pore water salinity for that site by 1.0-1.6 ppt. But in the Restoration site, surface water 
was lower than pore water by 3.1 ppt. This is partially biased as a result of three Restoration plots that 
were sampled after a very unusual late August rain and wind storm. However even with those sites 
removed, the surface water salinity in the Restoration zone was 1 ppt lower than the pore water.  
 
 
 

Biological Conditions 
 
We care about estuaries because they provide critical biological and physical services. Restoration and 
resource management decisions are made based on our best understanding of how those decisions will 
improve the services we desire from estuaries. This section describes some initial investigations into the 
biological conditions and trends in the estuary, with the intent of understanding how the restoration site 
is likely to develop, and why tidal wetlands are disappearing from the north half of the estuary.  
 
We focus on understanding how wetland vegetation is affected because it forms a critical part of the 
foundation of the estuarine food web that supports the invertebrates, fish, shorebirds, and waterfowl 
that are of management interest. Estuaries are one of the most productive habitats on the planet 
because of the volume of biomass produced by the plants and algae, much of which fuels the rest of the 
food web. We also focus on plants because of their key role in biophysical interactions that affect the 
fate of the estuary. Plants create a three dimensional structure that not only offers complex habitat for 
animals, but also affects wave and flow patterns and the settling and re-suspension of sediment. Their 
physical structure is important not just during the growing season but also during the dormant winter 
season when sediment and hydrodynamics are most active.  
 
The productivity and resilience of the wetland vegetation is most strongly affected by the three key 
physical drivers described at the beginning of the report: sediment, salinity, and water level. All of these 
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are affected by both climate change and management practices. This section begins by looking at the 
response of dominant wetland plant species to these drivers.  
 
Table 5 summarizes the vegetation characteristics in each zone and across habitat types. We used 
measurements of actual bulrush stem density, height, and diameter to calculate aboveground biomass. 
Since plant biomass is the fuel for the rest of the food web on which salmon and birds depend, biomass 
productivity provides a measure of a key functional outcome for tidal marshes. Things that decrease 
biomass productivity will tend to decrease the amount of food available for the food web.  
 

Table 5. Vegetation characteristics across the estuary.  

 
 
 
 
 
 

Restoration Hatt-S Hatt-SW Hatt-NW Hatt-N Mid Delta North  Delta

Zone 2 Zone 1 Zone 7 Zone 6 Zone 3 Zone 4 Zone 5

Total number of samples 69 57 46 42 22 74 70 37

Vegetation Height (cm) 47 58 79 54 57 63 47 48

Estimated Bulrush Density (stems/m2)* 82 152 316 177 134 168 50 66

Measured Bulrush Density (stems/m2)* 48 160 357 195 120 188 35 63

Bulrush Biomass Volume, Aboveground (cm3/m2) 446 517 1109 499 200 697 314 282

Scam Biomass Volume, Aboveground (cm3/m2) 0 339 999 382 183 345 37 85

Boma Biomass Volume, Aboveground (cm3/m2) 445 286 82 267 NA 244 420 417

Species Diversity 1 1.7 2.1 1.3 1.1 2.3 2.0 1.7

Species Richness 3 4.5 7.7 4.5 4.0 5.4 3.2 2.4

% Cover 34 50 82 39 44 76 27 34

Bulrush Biomass Index 0.27 0.38 0.67 0.42 0.37 0.42 0.21 0.19

Total number of samples NA 7 12 5 1 21 4 1

Elevation Range (m, NAVD88) NA 2.6-2.9 NA NA 2.5-2.9 2.8-2.9 2.5

Horizontal Width (m) NA 119 210 95 20 330 40 20

Vegetation Height (cm) NA 67 71 70 75 70 88 30

Estimated Bulrush Density (stems/m2)* NA 11 5 1 0 1 2 60

Species Diversity NA 2.8 2 2.0 2.0 4 3 3

Species Richness NA 9.7 10 7.6 10.0 12 14 6

% Cover NA 83 96 85 50 100 94 75

Total number of samples 69.0 12 16 3 0 24 15 16

Elevation Range (m, NAVD88) 1.4-2.3 2.0-2.6 1.8-2.5 1.9-2.8 1.6-2.3

Horizontal Width (m) 1045.0 221 445 60 0 520 160 140

Vegetation Height (cm) 46.2 76 92 75 NA 77 82 55

Estimated Bulrush Density (stems/m2)* 82.0 193 231 233 NA 209 153 136

Measured  Bulrush Density (stems/m2)* 48.0 183 180 255 NA 225 125 131

Bulrush Biomass Volume, Aboveground (cm3/m2) 439.7 919 706 816 NA 1211 1268 596

Scam Biomass Volume, Aboveground (cm3/m2) 0.0 360 512 550 NA 433 126 179

Boma Biomass Volume, Aboveground (cm3/m2) 445.2 292 82 267 NA 244 450 417

Species Diversity 1.0 2.2 2.6 2.3 NA 2.3 1.9 1.6

Species Richness 2.8 7.2 10.8 11.7 NA 4.9 5.3 3.4

% Cover 33.7 80 89 83 NA 84 73 72

Bulrush Biomass Index 0.27 0.51 0.62 0.55 NA 0.54 0.49 0.37

Total number of samples NA 25 14 21 21 29 47 18

Elevation Range (m, NAVD88) NA 1.7-2.0 1.3-1.8 1.2-1.9 1.4-1.59

Horizontal Width (m) 0.0 568 360 560 420 780 930 360

Vegetation Height (cm) NA 43 70 55 56 46 24 7

Estimated Bulrush Density (stems/m2)* NA 145 413 169 134 135 18 4

Measured  Bulrush Density (stems/m2)* NA 173 559 186 126 158 7 3

Bulrush Biomass Volume, Aboveground (cm3/m2) NA 418 1570 453 200 273 9 2

Scam Biomass Volume, Aboveground (cm3/m2) NA 397 1555 358 183 273 8 2

Species Diversity NA 0.7 1.2 1.0 1.0 1.0 0.1 0.1

Species Richness NA 2.3 2.7 3.6 3.7 1.1 1.7 1.2

% Cover NA 39 86 42 44 52 9 1

Bulrush Biomass Index NA 0.34 0.76 0.40 0.37 0.33 0.11 0.03

*At low stem densities, measured densities tend to underestimate actual densities because stems tend to be clumped and therefore have a higher likelihood of being missed 

by the 5 random subplots. At high densities, the estimated densities tend to underestimate actual densities, because the "High" density bin has a wide range. 

Reference Zones

Mean of

 Reference Zones

Low Marsh

Middle Marsh

High Marsh

Zone Average
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Controls on Plant Biomass 
We collected plant community data such as species composition, as well as structural parameters such 
as vegetation height, and stem diameter and density. In addition, we collected data on a number of 
environmental parameters that affect vegetation development, and we developed some additional 
indicators of dynamics that could affect plant productivity. We collected soil samples to measure 
particle size distribution and other parameters, but to fit within the budget we did not collect soil 
samples at every vegetation plot. Soil was collected at several sites within each habitat type in each 
study zone. For the purposes of data analysis, we associated the data from each sediment station with 
the vegetation plots that were nearest and most similar in species composition to the sediment station.  
 
To determine which of the environmental indicators were statistically associated with plant biomass in 
the natural estuary, we conducted a stepwise multiple regression to identify the best-fit model that 
explains the variability of plant productivity across the estuary. The environmental factors considered 
included: 

¶ Marsh age 

¶ Sediment:  
- soil characteristics: % gravel, sand, silt, clay, fines (silt + clay), total carbon, total organic 

carbon, organic matter, mineral matter, and penetrability 
- sediment dynamics: distance from Hatt Slough (sediment source), grazing disturbance, 

wave exposure 

¶ Salinity: spring and summer pore water salinity 

¶ Water level: elevation (inundation regime)       
 
This analysis was conducted with the reference zones 1 and 3-5, for which we had the most 
environmental data. We excluded the restoration zone 2 since one of the reasons for this analysis is to 
improve our ability to predict how the restoration site will evolve over time. For this same reason, we 
included only the regularly inundated middle and low marsh habitats. We used total aboveground 
bulrush biomass as the dependent variable and the environmental parameters as independent 
variables. Some of the independent variables were strongly collinear, or related to each other, which 
can make it difficult to interpret how strongly they affect the dependent variable. For example % fines is 
essentially equal to 1-% sand, and their strong collinearity would confound the biomass regression. We 
used Variance Inflation Factors to test for collinearity, and removed factors that were too strongly 
correlated with other independent factors. The ŦŀŎǘƻǊ άŘƛǎǘŀƴŎŜ ŦǊƻƳ Iŀǘǘ {ƭƻǳƎƘέ ǿŀǎ ǊŜƳƻǾŜŘ ŦǊƻƳ 
the analysis because it was strongly collinear with pore salinity, elevation, marsh age, % sand, and wave 
exposure. Finally, for the dependent variable bulrush biomass, the range of values was wide, with a 
large number of very small values. For this reason, we used a square root transformation to reduce the 
spread in the data values while maintaining their essential relationship. 
 
The best regression model was able to explain 71.5% of the variability in plant biomass across the 
estuary, with the most important environmental factors listed in Table 6 in their order of significance. 
Elevation (inundation regime) had the strongest relationship, with aboveground biomass productivity 
increasing at higher elevations (lower inundation regime).  
 
Higher spring pore salinity was associated with lower biomass productivity, which is what we would 
expect. Salinity is a source of stress to plants, and productivity is higher where there is lower stress. 
However, higher summer salinity was associated with higher productivity, which was a surprise. The 
latter statistical relationship was driven by a strong relationship in zone 1 which had the broadest spread 
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and lowest values in summer salinity. In all other zones, biomass was either not statistically related to 
summer salinity, or there was a negative relationship (Figure 9). Of all the reference sites, zone 1 is the 
closest to the main river distributary and had the lowest salinities of all reference zones. Although flows 
had already been at record lows for at least eight weeks when the biomass was sampled in late June, it 
may be that the salinity in zone 1 did  
 

Table 6. Environmental factors that most strongly affected bulrush aboveground biomass. The bold, 
starred factors are significant at a 95% confidence level or greater (P is <= 0.05).  

 
 

not reach stressful levels for plants until later in the season, in contrast to the other zones. As a result, 
plants in zone 1 had a longer effective growing season before the high salinity slowed down their growth 
rates. If we remove zone 1 from the data, there is no statistical relationship between bulrush biomass 
and summer salinity. The remaining zones likely all began experiencing salinity stress earlier in the 
season and so bulrush growth was similarly impacted across them all.    

 

 
Figure 9. Biomass of Schoenoplectus pungens and summer soil salinity. See text for explanation.  

 
Summer pore water salinity was lowest (17.8 ppt) in the Hatt-S Reference Site (zone 1), and all other 
sites exceeded 20 ppt, ranging from 20.7 ppt in the Restoration Zone to a high of 23.1 ppt in the North 
Delta (zone 5). All of these values exceed the salinity tolerance threshold for our common bulrush 
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species. The literature indicates that substantial plant senescence begins below 15 ppt for 
Bolboschoenus maritimus and Schoenoplectus pungens, and complete senescence above 20 ppt 
(Hutchinson 1988, Howard and Mendelssohn 1999, Lillebo et al. 2003). Hutchinson (1988) suggests that 
S. tabernaemontani has a lower salinity tolerance of 10 ppt. No published information is available for 
the tolerance threshold of B. fluviatilis though it seemed to outperform Scpu and Boma in terms of 
resilience to the high salinities during summer 2015.  
 
In the north bay, spring salinity (9.8) may already be close to the threshold of decreasing productivity for 
the two main species. Hutchinson (1988) and Howard/Mendelssohn (1999) found 60% biomass 
reduction or senescence at 12-15ppt.  
 

Water level 
Elevation is used as a proxy for water level, to describe how inundation regimes differ across the 
estuary. Each wetland plant species responds strongly to the pattern of inundation experienced at any 
particular place in the marsh. Each species has a particular range of inundation that it will tolerate, and a 
narrower range where it can achieve maximum productivity (Figure 10). Its characteristic inundation 
regime depends most strongly on ground elevation, and its preferred range of elevation is further 
modified in each part of the estuary by other factors that may increase or decrease stress. For example, 
higher salinity may constrict the species to a narrower elevation range in one part of the estuary than in 
another. The elevation range for the most common species in the Stillaguamish estuary is shown in 
Figure 10. The boxes show the elevation range at which the species was found to be common (covers at 
least 20% of the plot), and the whiskers on the boxes show the elevations at which the species was 
present but covered less than 20% of the area.  

 
Figure 10. Elevation range of significant plant species in the Stillaguamish estuary, based on vegetation 
transects across seven study zones. The red lines indicate the elevation range in the Restoration area 
(zone 2). The listed species are: Scpu = Schoenoplectus pungens, Boma = Bolboschoenus maritimus, Scta = 
Schoenoplectus tabernaemontani, Bofl = B. fluviatilis, Caly = Carex lyngbyei, Juba = Juncus balticus, Tyla = 
Typha latifolia, Tyan = Typha angustifolia, Disp = Distychlis spicata, Agst = Agrostis stolonifera.  
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Schoenoplectus pungens (Scpu, or three-square bulrush) and Bolboschoenus maritimus (Boma, or 
seacoast bulrush) are the two most important plants in the Stillaguamish estuary in terms of area and 
total biomass. Scpu occurs across the broadest elevation gradient of any of the estuarine plant species 
(Figure 10) and, except for eelgrass, grows lower in elevation than any other estuarine plant. Its 
elevation range (inundation regime), completely encompasses the range of B. maritimus.  
 
As mentioned earlier, the preferred elevation range of each species is different in different parts of the 
estuary as a result of other interacting factors that affect plant success. Figure 11 shows how Scpu and 
Boma distributions differ in the five core study zones of the estuary. The interacting factors that result in 
these different distributions will be discussed later. In every zone except the restoration zone (zone 2), 
Scpu is common (a dominant or sub-dominant species) across a broader inundation range than Boma. 
Scpu is virtually absent from the restoration zone, occurring sparsely in only a few peripheral places.  
 

  
 

Figure 11. Elevational distribution of S. pungens and B. maritimus in different study zones across the 
estuary, based on summer 2015 summer field data. Boxes indicate elevations where the species was 
common (dominant or sub-dominant) and whiskers indicate elevations where the species was present but 
not common. 

 
Of the five study zones, Scpu occupies the broadest range of elevations in zone 4 (Mid-Delta), where it 
reaches below MSL (1.37m NAVD88). Interestingly, in zones 4 and 5, its distribution is discontinuous 
(Figure 12) as discussed below. In those two northern zones Scpu occurs in a low, sparse marsh at the 
lower elevation part of its range near tidal channels. The middle part of its elevation range is 
unvegetated, and in the upper part it is intermixed with Boma and other species in the middle marsh. Its 
lower distribution near tidal channels and absence in the middle area where channels are absent may 
suggest a link with pore water, with either nutrients or salinity potentially affected by proximity to the 
channels.  
 
Boma occupies its widest elevational ranges in zones 2 and 5. Interestingly in both those ranges, it is 
thinning and receding from its lower elevations. In zone 5, erosion has been occurring for many years 
and its current distribution across a relatively wider elevation range may reflect the legacy of where it 
ƻŎŎǳǊǊŜŘ ōŜŦƻǊŜ ŜǊƻǎƛƻƴ ōŜƎŀƴΦ {ƛƳƛƭŀǊƭȅ .ƻƳŀΩǎ ōǊƻŀŘ ǿƘƛǎƪŜǊǎ ƛƴ ȊƻƴŜ п ƛƴŘƛŎŀǘŜ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ 
Boma at lower elevations where it likely established before erosion lowered the elevations in those 
ŀǊŜŀǎΦ ²Ŝ ŜȄǇŜŎǘ .ƻƳŀΩǎ ŜƭŜǾŀǘƛƻƴ ǊŀƴƎŜ ƛƴ ȊƻƴŜǎ п ŀƴŘ р ǘƻ ǎƘǊƛƴƪ ƛƴ ŎƻƳƛƴƎ ȅŜŀǊǎ ŀǎ ŜǊƻǎƛƻƴ ŎƻƴǘƛƴǳŜǎ 
to thin and eliminate it at lower elevations. In zone 2, Boma is disappearing from the lower elevations 
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because it established there prior to restoration, at elevations that are lower than it would likely have 
invaded naturally.  
 
Water level (elevation) also affects the productivity of plants, and this is reflected in the amount of plant 
biomass aboveground. We measured plant height and stem density across our vegetation transects and 
converted this data into aboveground biomass for the four common bulrush species that dominate the 
low and middle marsh habitats. The species include Scpu, Boma, Scta, and Bofl (see the Figure 10 
caption for full species names). Figure 12 shows how the combined biomass of all bulrush species 
changes across the elevation gradient in each study zone. In zones 2-5, the general pattern shows that 
aboveground biomass increases as elevation increases. Decreasing inundation period results in 
increasing plant productivity aboveground.  
 

 
Figure 12. Aboveground biomass productivity across the elevational gradient in each study zone. The data 
represents the combined biomass of the four bulrush species that produce the vast majority of plant 
biomass in the low and middle marsh habitats.  

 
The highest aboveground biomass occurred in the area of zone 4 (Mid-Delta) dominated by Bofl, above 
2.6m. In zone 4, Bofl forms a narrow, 30m-wide band of very tall, dense, single-species marsh 
approximately between MHW and MHHW (2.5-2.8m). In no other zone does Bofl occur in a continuous 
narrow band like this. Bofl is the largest of the bulrush species in terms of height and leafiness, and the 
most physically persistent throughout winter dormancy.            
 
Boma is generally a larger and leafier plant than Scpu, though Scpu occurs at higher density, so their plot 
biomass measurements are often similar. Boma structure is more rigid and persists longer into the 
winter dormancy period than Scpu, so likely affects accretion more strongly. The higher productivity 
areas of zones 2 and 3, between 2.0 and 2.5m, occurs in the middle marsh where Boma and Scpu 
intermix and maximize productivity (Figure 12). Interestingly in zone 1 the greatest aboveground 
biomass is found in the low marsh area dominated by Scpu, between 1.8 and 2.0m. The reasons why 
Scpu reaches its highest densities and heights in zone 1, and why Boma is not as productive in zone 1 are 
likely related to substrate preferences (% sand) and salinity and will be explored later.    
 
The lowest elevation marshes are in the northern zones 4 and 5 and Figure 12 also illustrates the 
discontinuous distribution of marsh in those zones. There is a sparse, low marsh between approximately 
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1.2 to 1.4m, near tidal channels. Above that is an almost barren zone which extends up to 1.57m in zone 
5 and all the way to 1.9m in zone 4.  
 
Finally, in the upper part of the restoration zone 2, between 2.2 and 2.35m, Boma is productive and 
similar to other study zones. This productive area represents approximately the upper 10% of the 
Restoration Zone. This higher area was colonized by Boma after the restoration project, indicating how 
quickly a new marsh can establish and become dense and productive, given the right conditions. In fact 
the plot with the highest biomass in the estuary, not including the Bofl plots in zone 4, is found near the 
upper edge of the zone 2 restoration marsh (Figure 12). Just below this elevation, between 2.0 and 
2.2m, about half the plots in the restoration zone have biomass values similar to other zones and half 
the plots have values considerably lower than any other zone, yielding a lower than average biomass 
volume in this area. In the lower half of the restoration zone, below 2.0m, the plots have biomass values 
considerably lower than any other zone except the same elevation range in zone 4. This elevation range 
ƛƴ ȊƻƴŜ п ƛǎ ǘƘŜ ōŀǊǊŜƴ άƎŀǇέ ŀǊŜŀ ōŜǘǿŜŜƴ ǘƘŜ ƳƛŘŘƭŜ Ƴarsh and the lower, sparse Scpu marsh near 
tidal channels. In the lower parts of the restoration zone, the Boma has been thinning and retreating 
since restoration, and Scpu has not colonized the site. As a result we expect biomass in the lower area of 
the restoration zone to continue to decline in coming years.      
 
It is also worthwhile to look at the two most important species of bulrush to understand how their 
aboveground productivity varies across the elevation spectrum in each study zone. As mentioned 
earlier, the productivity of a species is different in different parts of the estuary depending on how 
various factors interact to affect stress levels. Scpu achieved its greatest productivity levels, by a 
substantial margin, in zone 1 (Figure 13), between elevations of 1.7-2.0m. Scpu biomass was positively 
correlated with % sand and negatively correlated with spring pore salinity, which may explain its high 
productivity in zone 1, with moderately high sand and low salinity. In zone 1, Scpu was more productive 
than Boma. In general Scpu productivity was high between about 1.7-2.5m. Boma was most productive 
between 2.0 and 2.5m, particularly in the restoration zone where it invaded this elevation range mostly 
after the restoration project.       
 
 

 
Figure 13. Biomass of Scpu and Boma across elevation in each study zone.  
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Restoration Zone Summary 
 
Following restoration, the restoration zone was expected to adjust as the broad meadow of Boma and 
Bofl receded from the lower elevations and colonized the highest elevations. Scpu was expected to 
colonize the lower marsh as the Bolboschoenus species receded. The actual dynamics of change were 
quite different than expected. Colonization of the highest elevations by Boma was very rapid. In the Fall 
of 2013, the upper six plots were either bare or dominated by Agrostis stolonifera, the dominant grass in 
the former farm field, which is also common in high and middle tidal marsh. By the end of the summer 
of 2014, those six plots were dominated by Boma, which had clearly colonized very rapidly from seeds 
pushed up by the tide.  
 
The Boma and Bofl in the lower marsh area had established before restoration and was growing at 
elevations lower than it would normally grow. Greg Hood has found in the Skagit that Typha (cattail) can 
persist after restoration at lower elevations than it would normally grow, as long as it was established 
before restoration. We were curious if the Bolboschoenus species would do the same, or recede. The 
year following restoration it was definitely shorter than it had been pre-restoration suggesting that it 
was under stress. We do not have 2012 data, though there are photos and some data associated with 
the RTK-GPS points collected pre-restoration. There is also data from 2004-5 that could be used to 
estimate vegetation condition prior to restoration. Despite the fact that it was a shorter marsh, it was 
still a very productive marsh in terms of biomass in 2013 and 2014. In 2014, average height in the lower 
two thirds of the restoration marsh was still about 100cm and density was more than 240 stems per m2.  
 
During 2015 however, there was a very rapid decline in the lower marsh, with both height and density 
declining substantially, resulting in about a 70% average decrease in biomass throughout zone 2 (Figure 
14). The decline likely resulted from the pressures of multiple stressors including the greater inundation 
caused by the restoration, higher pore water salinity due to the record low spring river flows in 2015, 
and the effects of a stem-boring moth that attacked more than 95% of Bolboschoenus plants in the 
lower two-thirds of the restoration marsh. Figure 15 show photos taken of the same plots in 2014 and      
 

 
Figure 14. Change in biomass in the Restoration Zone between 2014 and 2015.  
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2015. The photos show plots in order from highest elevation at the top to lowest elevation. The highest 
elevation plot looks the same between the years, but lower plots show the dramatic change from one 
summer to the next.  
 

 
Figure 15. The same plots in zone 2, one year apart. The left column of photos were taken 7/22/2014 and 
the right column were taken 6/16/2015. They are ordered with the highest elevation plot shown in the 
upper pair of photos and successively lower elevation plots below. The black arrows in each photo indicate 
the location of the same feature on the horizon of each photo to aid in orientation.  

 



26 
 

The biggest surprise in the Restoration Zone has been that Scpu has not colonized at all, except for a 
very few, sparse clones mostly in areas with firmer or sandier soils. Based on our estuary-wide data, we 
now understand that Scpu prefers substantially sandier soils than Boma. The greatest biomass of Scpu in 
the estuary occurred in Zone 1 on plots with a sand fraction between 36-71% (Figure 15), while Zone 2 
plots have an average of 5% sand (Table 2).  
 
However the % sand in the soil, by itself, does not explain the absence of Scpu from the Restoration 
Zone. The reference Zones 1, 3, 4, and 5, though considerably sandier on average than Zone 2, did have 
some plots with similarly low sand values, and most of these had considerably higher Scpu biomass than 
did the Zone 2 plots (Figure 16). Restoration soils are much softer than any of the reference zones, with 
an average 74% greater penetrability than the reference zones (Table 2). While penetrability is related 
to the sand content, there is some other physical factor that makes the Restoration soils so much softer, 
possibly related to the legacy effects of decades of farming on the physical structure of the soil. We 
expect that penetrability will change over time as the effects of inundation pressure, soil chemistry 
changes, and deposition of sand compress the soil and alter its physical properties. In the meantime, 
there is no indication that Scpu will colonize the Restoration Zone in significant quantities.  
 
 

 
Figure 16. The biomass of Scpu was positively associated with the % Sand in the soil, though it grew across 
the spectrum of sandiness. The biomass of Boma was positively associated with % fines, and it was absent 
when % fines dropped below about 55%. Note that the X axes are different in the two graphs.   

 
If Scpu does not colonize in the near future, the implication is that the lower 65-80% of the Restoration 
Zone is likely to remain very sparsely populated by Boma, and the total biomass productivity of the 
Restoration Zone will be substantially less than reference zones 1 and 3 (Figure 17). In 2015, average 
bulrush biomass per m2 was more than twice as high in Zone 1 than in the Restoration Zone, and Zone 3 
was about 40% higher than the Restoration Zone. Biomass productivity is the foundation of the detrital 
food web that fuels the salmon and bird populations of conservation interest, so the lower productivity 
in the Restoration Zone has implications for those higher trophic level species.  
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Figure 17. Average bulrush biomass per m2 in 2015, a year of record low river flow and high soil salinity.  

 
 
 

System-wide Concerns 
We have noted in the past the rapid rate of marsh loss in the northern estuary. Erosion is clearly evident 
throughout the marsh north of the northeastern-most distributary from Hatt Slough, which runs along 
the western edge of the restoration zone. Erosion rates appear greatest in zone 5 and decrease south 
from there. In zone 5, erosion is evident throughout the middle marsh, right up to the shrub line. The 
high marsh has essentially been lost already, with a 2-3 foot vertical bank at the boundary of the shrubs 
and middle marsh. The bank is armored by accumulated driftwood and the extensive and deep shrub 
roots also help to limit erosion of the bank. From there as you move south, the Bofl zone slowly 
increases in width and appears to offer a substantial buffer against erosion. In zone 4, erosion is evident 
throughout the lower middle marsh dominated by the mix of Boma and Scpu, but signs of erosion stop 
at the lower boundary of the Bofl, which occupies the highest elevation of the middle marsh. Evidence 
of erosion throughout the Boma/Scpu-dominated middle marsh continues south to the first distributary 
channel.    
 
Erosional dynamics are also evident in the morphology and slope of the transects in each zone (Figure 
18). Erosional dynamics tend to introduce slope breaks where habitat shifts from unvegetated tidal to 
vegetated marsh. In Figure 18, the seaward edge of the middle marsh, dominated by both Boma and 
Scpu, is marked with a colored circle on each transect. Middle marsh maintains some aboveground 
marsh biomass during winter to interact with waves and sediment. Seaward of this point is the low 
marsh dominated by pure Scpu which is essentially absent during the winter storm season.  In zones 4 
and 5, the sharply steepened slope at the colored circle is very evident. Below this point, the winter-bare 
low marsh and unvegetated intertidal slope is much gentler and smoother. In contrast, in zone 1 the 
transect is much less steep. The restoration zone 2 has the least steep slope as a result of the 
agricultural legacy of plowing and leveling. Zone 3 has a slope that is part way between zone 1 and zone 
4 in steepness. The early part of the transect in zone 3 has a relatively steep slope and the fact that zone 
3 had the highest index of grazing disturbance for the winter of 2014-15 suggests there may be some 
cause for erosion concern in zone 3.     
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Figure 18. The shape and slope of the vegetation transects in each study zone. The colored circles mark the 
seaward boundary of the middle marsh which is dominated by a mixture of Boma and Scpu.  

 
Our current best understanding of the erosion dynamics is that it results from the interaction of several 
factors: over-grazing of rhizomes, relative exposure to winter waves, plant species, soil particle size, and 
pore water salinity. The dominant forces seem to be the interaction of snow goose grazing with winter 
waves. Excavation of rhizomes loosens the soil during the stormy winter when there is the least amount 
of aboveground biomass to reduce wave scour. Tide and waves re-suspend loosened soil, particularly 
the finer particles, and move them either higher into the marsh or offshore. Zone 5 has eroded the most 
quickly and this appears related to its greater wave exposure index (Table 2). Zone 4 has also eroded 
quicƪƭȅΦ ½ƻƴŜ о ǎƘƻǿǎ ǎƛƎƴǎ ƻŦ ƘŜŀǾȅ ƎǊŀȊƛƴƎ ŀƴŘ ǎǘŜƳ ŘŜƴǎƛǘȅ Ƴŀȅ ōŜ ŘŜŎƭƛƴƛƴƎ όǘƘƻǳƎƘ ǿŜ ŘƻƴΩǘ ƘŀǾŜ 
ŜƴƻǳƎƘ Řŀǘŀ ȅŜǘ ǘƻ ŎƻƴŦƛǊƳ ƻƴŜ ǿŀȅ ƻǊ ǘƘŜ ƻǘƘŜǊύΣ ƘƻǿŜǾŜǊ ǘƘŜǊŜ ŀǊŜƴΩǘ ǎƛƎƴǎ ƻŦ ŀŎǘƛǾŜ ǿŀǾŜ ŜǊƻǎƛƻƴΦ 
This may be due to its presence on the north slope of the prograding delta at Hatt Slough. As such, 
storm waves from the southerly quarters first have to travel up the gradient of the delta, cross the high 
marsh and banks of driftwood in zones 1, 7, and 3, before arriving at the middle marsh of zone 3. In 
contrast, southerly storms have no biophysical roughness to cross before arriving at zone 5.  
 
The grazing-wave interaction may be primary factors, but are not the only contributing factors to 
erosion. Different plant species have different vulnerabilities to grazing. Scpu appears to be the most 
vulnerable since its aboveground biomass senesces to ground level in early Fall and it therefore offers 
little resistance to excavation. The degree to which it is vulnerable, however, may relate to the sand 
content of the soil. Zones 4 and 5 low marsh have the lowest sand content (15 and 19%) and highest 
penetrability (8.0 and 8.3) of the reference low marsh areas (Table 2). The Hatt Slough reference zones 
(1,3,6,7, and 8) all have higher sand content (33.8-66.2) and lower penetrability (mostly less than 5.8). 
This may partly explain why the low marsh in zones 4 and 5 is mostly bare, with occasional sparse 
patches. 
 
Boma retains more of its aboveground biomass in Fall, and slowly breaks down over the coarse of the 
winter. Early in the season, the biomass is likely tall enough to inhibit goose access since they avoid tall 
vegetation that limits views of predators. However as it thins out over the season, they move in from 
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the seaward edge. Boma avoids sandy soils and is most productive on the finest soils, and it likely 
disappears as grazing increases the erodibility of the fine particles in particular.  
 
Bofl is the largest bulrush, with the most rigid stems and persistent aboveground biomass through 
winter. Oftentimes old Bofl stems, leaves and even old florets will be fully intact and still present the 
summer following their growth. This large aboveground biomass is an effective barrier to snow geese 
who likely avoid them due to the predator detection issue. Bofl is also available throughout the winter 
to interact with waves, decreasing their energy and trapping sediment. We are just beginning to study 
the distribution of Bofl, but it prefers the highest elevations in the middle marsh, near the MHHW line 
and it appears to prefer the finest soil particles and most organic-rich soil (though the latter may be an 
outcome rather than a prerequisite for Bofl).  
 
Finally, the volume of aboveground biomass of each bulrush species is related to pore water salinity, 
with declining biomass as salinity increases. Zones 4 and 5 have the highest salinities in both spring and 
summer. Early spring salinities in zones 4 and 5 in the low and middle marsh were in the neighborhood 
of 10 ppt, and as discussed earlier, spring salinities were negatively associated with bulrush biomass. 
From the literature, the tolerance threshold for bulrush growth for Scpu and Boma is 15 ppt, as we 
discussed in more detail in a previous monitoring memo (Fuller 2016). In the record low flow summer of 
2015, salinity throughout the estuary surpassed the growth threshold, but was substantially higher in 
zones 4 and 5 than zone 1. It is likely that zones 4 and 5 experience summer salinities in excess of their 
growth threshold with some regularity, at least during years of lower than average stream flow. This 
would help explain the considerably lower biomass values for the northern zones. One surprise from 
summer 2015 was that Bofl appeared the least affected by high salinity. We had assumed that river 
bulrush would be sensitive to salinity since it has not been reported from estuaries elsewhere in 
Washington and Oregon. However at the end of August, at maximum soil salinities over 20ppt, Bofl was 
the only bulrush that had not already senesced. Though its leaves were often yellowing at the tips, it 
was generally green and almost full sized. This contrasts with Scpu and Boma which had completely 
senesced throughout the estuary and were about 35% smaller in height than in summer 2014. Even Bofl 
in zone 5 was still green and robust, at least at the upper edge of the middle marsh.  
 
Zones 4 and 5 have very low biomass productivity compared to the other zones (Figure 19). This is the 
result of the disturbance-induced loss of rhizomes and stems across much of the elevation range that 
should otherwise support a diverse and productive marsh. The cumulative aboveground biomass 
volume for 2015 for each study zone is shown in Figure 19. Biomass is shown accumulating along a 1m2 
wide transect from the low marsh up to the high marsh in each zone. Beginning at the lowest marsh 
elevation, the biomass at each plot is added to the cumulative biomass from previous plots. Zones 1 and 
3 have seven times more biomass than zone 5 and three times more than zone 4. The restoration Zone 2 
has three to five times as much biomass compared to zones 4 and 5. The relatively high productivity in 
the restoration zone is largely thanks to the very productive uppermost 180m out of the 1,380m 
transect. Most of the rest of the transect has very low productivity. Comparing the northern zones with 
each other, the only reason zone 4 has twice as much biomass as zone 5 is the 30m wide band of Bofl 
which contributes half the total biomass to the 1,400m transect.  
     



30 
 

 
Figure 19. Cumulative biomass volume along a 1m2 wide transect in each study zone.  

 
Aboveground biomass is a key functional attribute in tidal marshes because it plays a substantial role in 
trapping sediment and reducing erosive wave energy. It is also the foundation of the food web for fish 
and birds in the estuary. For these reasons, the remarkably low productivity of the northern zones has 
important implications for both species of conservation concern as well as habitat resilience in the face 
of climate change.  
 
As has been discussed in a previous monitoring report, there has been a small increase in marsh area 
near Hatt Slough (study zone 6) over the past decade, though the increase is less than the marsh loss in 
the northern half of the estuary. The marsh increase was initiated by a large deposit of logs delivered 
during a flood in the winter of 2006-7. The logs shifted and stabilized a channel that had been swinging 
widely, scouring any new marsh development.  
 
Summary of current trends 
Total marsh area in the Stillaguamish estuary continues to decline as the northern marshes continue 
eroding away, triggered by the interaction of geese overgrazing and winter waves. Pore water salinity 
stress is likely contributing to low biomass production of Scpu and Boma in the northern marshes, and 
reducing the resiliency of those marshes. Lower than average stream flow years have a significant 
impact on total biomass productivity in the estuary, lessening the food web functions provided to fish 
and birds, and lessening the geomorphic effects of biomass on sediment trapping and winter wave 
energy reduction.      
 
Climate Change Impacts 
 
Pore water salinity extremes, in excess of the bulrush growth threshold will increase over the next few 
decades as the summer low flow in the Stillaguamish continues to decline. The UW Climate Impacts 
Group projects a 20% decline in summer low flow extremes over the next 10-20 years, increasing the 
frequency of estuary salinity extremes, as well as their severity. Given that the northern marshes already 
experience 10 ppt salinity in spring when the marshes are just beginning growth, it is likely thaǘ ǿŜΩƭƭ ǎŜŜ 
continued declines in marsh biomass production. Some areas of the east coast have seen threshold 
events, where extensive areas of very productive marsh that was near a salinity threshold were 


